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Tip-enhanced photoluminescence (TEPL) measurements are performed with subnanometer spatial
resolution on individual molecules decoupled from a metallic substrate by a thin NaCl layer. TEPL spectra
reveal progressive fluorescence quenching with decreasing tip-molecule distance when electrons tunneling

from the tip of a scanning tunneling microscope are injected at resonance with the molecular states. Rate
equations based on a many-body model reveal that the luminescence quenching is due to a progressive
population inversion between the ground neutral (S,) and the ground charge (Dy) states of the molecule
occurring when the current is raised. We demonstrate that the bias voltage and the lateral tip position can be
used to gate the molecular emission. Our approach can be applied to any molecular system, providing
unprecedented control over the fluorescence of a single molecule.

DOI: 10.1103/PhysRevLett.133.156902

Control over the optical properties of individual mole-
cules can be achieved by modifying their chemical struc-
ture or influencing their local environment. In that respect,
the ability to switch the molecule from a bright to a
dark state is one of the most striking modifications of
these characteristics. Such a mechanism is employed, for
example, in superresolution microscopy to localize indi-
vidual emitters [1-3] and holds the potential to be applied
in sensors [4] or even molecular quantum devices [5] to
gate the properties of single-photon emitters [6]. Usually,
switching the chromophore to a dark state relies on a
transition to a long-lived, nonemissive triplet state, or on
modifying its redox state by attaching charges to prevent
the formation of charge-neutral excited states [3,4,7,8]. The
latter process can be induced by an electric stimulus, as in
macroscopic electrochromic materials [7,9]. However,
gating the photoluminescence of one targeted molecule
by the controlled injection of single charges remains a
thought experiment.

Scanning tunneling microscopy (STM) allows the con-
trolled charge transfer to single molecules with sub-nm
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precision [10-16]. In addition, the field enhancement in the
metallic tip-sample junction, acting as a plasmonic pico-
cavity [17,18], enables probing electrically driven STM-
induced luminescence (STML) [18-33] or optically driven
tip-enhanced photoluminescence (TEPL) [34-38] of mole-
cules with nearly atomic resolution. STML has been used
in a few cases to address the fluorescence of charged
species, however, the electrical excitation renders it impos-
sible to disentangle luminescence and charge transport,
i.e., to control them separately [25-33]. This issue can be
circumvented using TEPL, however, so far the ability of the
STM to control the transient charge state has not yet been
exploited in this context.

Here, we show that we can manipulate the photolumi-
nescence yield from a molecule located in the tunneling
junction of an STM, up to nearly full luminescence
quenching, by resonant charge transport through the
molecule. We achieve this by adjusting the tip-molecule
distance, the applied bias voltage, and the in-plane position
of the tip with respect to the molecule. This versatile control
of the fluorescence yield of a molecule with sub-nm
precision is explained using a many-body description.

The experiments were performed with a low-temperature
(6 K) ultrahigh vacuum STM equipped with two lenses used
to focus the beam of a laser and collect the luminescence
from the STM junction (see Supplemental Material [39]).
The Ag(111) substrate was cleaned by argon-ion sputtering
and annealing cycles. NaCl was thermally sublimed onto
Ag(111) kept at room temperature and then mildly annealed
to obtain two to four-monolayer NaCl films. The molecules
were thermally sublimed onto the cold (6 K) NaCl/Ag(111)
substrate. The electrochemically etched Ag STM tips

Published by the American Physical Society
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FIG. 1. (a) Experimental sketch. (b) TEPL spectrum of ZnPc.

hvy, = 1.99 eV, laser power P = 13 pW, integration time
t=10s, V=0V. (c) dI/dV spectrum of ZnPc. Set point:
V=13V, I =20 pA. (d) Constant-current STM image on
3 ML NaCl, V=0.2V, I =3 pA. (e) Constant-height STM
image, V = 1 V. Both images are 3 x 3 nm?.

were sputtered and annealed in ultrahigh vacuum. The
plasmonic response of the tips, which depends on their
structure [18,34,40], was optimized by voltage pulses and
gentle indentations into the Ag(111) substrate.

Figure 1(a) shows the experimental scheme. A zinc
phthalocyanine (ZnPc) molecule deposited on 4 monolayer
(ML) thick NaClis optically excited by a tunable laser source
focused on the tip-sample junction. The junction is acting
as a plasmonic picocavity amplifying the electromagnetic
field [18,34]. This leads to increased absorption and a
strong enhancement of radiative transitions (Purcell effect)
so that the TEPL signal of individual molecules can be
detected in the far field [34-38]. A typical single-molecule
TEPL spectrum (incident photon energy Av;, = 1.99 eV) is
shown in Fig. 1(b). It reveals a prominent emission line
at hy,, = 1.91 eV, and low-energy vibronic peaks. Both
stem from the S; — S, transition of neutral ZnPc [21,41].
Figure 1(c) shows a differential conductance (d//dV) spec-
trum of ZnPc/4 ML NaCl/Ag(111) with two distinct
features at V = —2.1 and V =0.8 V, corresponding to the
positive and negative ion resonances (PIR and NIR) [10]. For
voltages between PIR and NIR (in-gap conditions), the
charge transport through the junction is nonresonant and
only perturbed by the presence of the molecule [42]. In
contrast, at PIR and NIR, the charge transport is dominated
by a two-step process where the molecule is first charged by
tunneling from the tip and then discharged by tunneling to the
sample. Thus, for resonant conditions, the molecule repeti-
tively switches between neutral and charged. Figures 1(d)
and 1(e) show STM images of ZnPc recorded in these two
transport regimes, namely, in-gap (V = 0.2 V) and at NIR
(V =1 V); that is Fig. 1(e) shows the density of the lowest
unoccupied molecular orbital (LUMO). All data in the main
text are recorded for molecules on 4 ML NaCl, except for
Fig. 1(d).

In the following, we investigate how charge transport
influences the optical properties of the neutral molecule.
Figure 2(a) shows a series of TEPL spectra recorded in gap
(V=0.5V) for different tip-molecule distances Az,
defined relatively to an initial tip-molecule separation
(Az =0) at a setpoint of V=1V and I =5 pA. Upon
approaching the tip to the molecule (decreasing Az), the
S1 — Sy peak in TEPL increases in intensity, broadens
from 6 meV to more than 10 meV (full width at half
maximum), as extracted from Lorentzian fits, and shifts by
6 meV towards smaller energies at very small distances.
This is in line with previous experiments [18], which
assigned a similar behavior to an increased coupling
between the molecular transition dipole moments and
the plasmons upon reduction of the tip-molecule distance.
The observed redshift can be attributed to a combination of
Lamb and Stark effects. The same Az dependence, but
recorded at NIR (V =1 V), is shown in Fig. 2(b). Up to
Az ~ —150 pm, the TEPL signal at resonance is similar to
the one recorded in gap, i.e., it features similar intensity and
peak broadening. For Az < —150 pm, however, the photo-
luminescence intensity decreases and is almost entirely
suppressed for Az =~ —400 pm.

This gradual reduction of the emission yield with decreas-
ing Az, which is only observed at resonance, suggests a
quenching mechanism related to the transient charging of the
molecule. To confirm this, we recorded the tunnel current
simultaneously with the integrated TEPL intensity of
the S| — S, transition [Figs. 2(c) and 2(d)]. Note that, for
V =0.5 Vand Az > —250 pm, the current is too low to be
measured. At Az > —150 pm, where /(Az) recorded at
resonance follows the expected exponential dependence
[red squares in Fig. 2(d)], the TEPL intensity increases
similarly for both bias voltages. Upon approaching the
molecule (Az < —150 pm), /(Az) measured at resonance
deviates from the exponential dependence, while the TEPL
intensity slowly decreases. This behavior contrasts with the
TEPL intensity recorded in-gap that increases monotonically
with the tip approach [gray scale circles in Fig. 2(c)].
Eventually, at very small distances and for resonant tunneling
conditions [blue squares in Figs. 2(c) and 2(d)], the current
saturates (I, ~ 400 pA), and the TEPL intensity is nearly
fully quenched.

The saturation in the tunnel current is a direct conse-
quence of the charge transport mechanism that takes place
in the double-barrier tunneling junction [16,43]. At NIR,
the molecule is successively charged negatively by an
electron tunneling through the vacuum barrier from the tip
to the molecule, and then discharged by a second tunneling
event through NaCl. The net tunnel current is limited by
the process with the lower tunneling probability (i.e.,
the slower process). While the tunneling probability
through the vacuum gap varies with Az, the one through
NaCl is merely determined by the thickness of NaCl
and thus remains constant as the tip approaches. At large
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FIG. 2. (a),(b) TEPL spectra as a function of Az for V.= 0.5 (a) and V = 1 V (b). The bottom spectra are recorded at Az = 0, then the

tip is approached in 25 pm intervals. hvy, = 1.99 eV, P =3 pW, r = 4 s. The color scale is the same for both panels. (c) Integrated
TEPL intensity (1.88 eV < hy,, < 1.92 eV) for V = 0.5 V [gray scale circles, panel (a)] and V = 1 V [red-blue squares, panel (b)] as
a function of Az. The black and red shadings indicate the Az range in which the tunnel current increases exponentially, light gray and
blue shadings indicate the saturation regime. The solid lines are fits to the model discussed in the main text, the dashed gray line shows
the relative population of the ground S, state. (d) Tunneling current recorded together with measurements in (c), the solid line for
V =1 Visafitto Eq. (1), and the solid line for V = 0.5 V is an exponential fit. (e)—(h) Sketches of the experimental conditions (e),(g)
and many-body diagrams for large (f) and small (h) tip-sample distances. The gray boxes in (f),(h) indicate the state that is populated

most of the time.

tip-molecule distances, tunneling through the vacuum is,
therefore, the rate-limiting process [Az>—150pm, Figs. 2(e)
and 2(f)], and the tunneling current increases exponenti-
ally with decreasing Az. At smaller tip-molecule distances
(Az < —150 pm) the progressive saturation of the current
indicates that the discharging process through NaCl be-
comes the rate-limiting step. This affects the relative
populations of the neutral S, and charged Dj states of
the molecule [Figs. 2(f) and 2(h)]: At large distances
(Az > —150 pm), the charging rate (indicated by the dark
gray arrow) is low and the molecule spends most of the time
in the neutral S, state. Optical excitation of the Sy — 5
transition and the emission from the reverse S| — S tran-
sition [Fig. 2(f)] are thus possible. For decreasing Az, the
population of the negatively charged Dy state increases at the
expense of the S, population, up to a predominant occupation
of Dy in the saturation regime [Figs. 2(g) and 2(h)]. Since the
Dy — §; transition cannot be induced by a photon, the
formation of a neutral exciton is gradually hindered and
the TEPL signal vanishes. Thus, the transition to a configu-
ration where the charged doublet state is occupied most of the
time is responsible for the quenching of the luminescence,
akin to the process taking place in electrochromic systems. A
similar effect is expected to take place at PIR when the D}
population is promoted. At this condition, however, electrical
excitation of S| via D leads to a strong STML signal at
the same photon energy [27,31,33,44], precluding the

observation of the photoluminescence quenching (see
Supplemental Material [39]).

To quantify the mechanism behind the photolumines-
cence quenching, we develop a model encompassing the
many-body transitions between the relevant states in our
system, Sy, Sy, and Dy, illustrated in Figs. 2(f) and 2(h)
(see also Supplemental Material [39]). The total tunnel
current through the double-barrier tunneling junction can
be expressed using the tunneling rates through vacuum,
[yac(Az) (So — Dy transition), and NaCl, T'y (Dy — S
transition), respectively [16]:

a0 (1
exp(szacAZ) + Fgach ’

I(Az) =

with the elementary charge ¢, the tunneling rate from the tip
%, for Az = 0, the decay constant k,. and the Dy lifetime
t, =I';'. The steady-state ground state population N, is

1
1+ 7,09cexp(—2k,cAZ)

(2)

NS():

Fitting I(Az) recorded for V=1V in Fig. 2(d) (solid
line) with Eq. (1) yields 7, ~ 400 ps, in line with recent
reports [16,45]. Once the tunneling rate from the tip
becomes comparable to the tunneling rate from the
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FIG. 3. (a),(b) TEPL spectra as a function of bias voltage for
two different Az (voltage steps of 25 mV). hy, = 1.99 eV,
P =3 uW, t =5 s. (c) Integrated and normalized TEPL inten-
sity from panels (a) and (b), integration range: 1.88 eV <
hvg, < 1.92 eV.

substrate (here for Az < —150 pm), Ng begins to sub-
stantially deviate from 1 [dashed line in Fig. 2(c)].

Next, we analyze the Sy — S; and S; — S, transitions
that are responsible for the observed photoluminescence.
The total light intensity can be written as P(Az) = [N,
where I, is the excitation rate. In agreement with recent
literature [34,36], we find that ', (Az) is well described by
an exponential function, reflecting the strongly increased
plasmonic field when the tip approaches the molecule.
Therefore,

P(Az) = ['Y exp(—aAz)Ng, (3)

with I, being the excitation rate for Az =0 and « the
decay constant. Fitting the data in Fig. 2(c) with Eq. (3) and
Ng, = 1for V =0.5V, that is assuming very short excited
state lifetime [18,38] and thus Ng ~ 0, we obtain a very
good agreement with the experiment. For fitting the curve
recorded at V = 1 V, we use the same values of ng and a,
but Ny, described by Eq. (2). Again, there is excellent
agreement with the experiment. Comparing P(Az,
V=1V) and N4 (Az) in Fig. 2(c), we find that the
quenching sets in already for Ny ~ 0.8, at Az = —150 pm.

Since the ability to excite a molecule with photons
depends on the relative population of S§;, we can gate
TEPL by the applied bias voltage. Figures 3(a) and 3(b)
show constant-height TEPL spectra as a function of the
applied bias voltage for large (Az =0 pm) and small
(Az = =300 pm) tip-molecule distances. At Az =0 pm

(a) Constant
height STM image

(b) TEPL map (€)  TEPL map

V=0V,Az=-300pm V=1V, Az=-300 pm

Normalized
TEPL Intensity
(arb. units)

Distance (nm)

FIG. 4. (a) Constant height STM image of ZnPc, V =1 V.
(b),(c) Constant height TEPL maps on the same molecule as in a);
hvy, = 1.99 eV, P =3 pW, integration time ¢ = 2 s per pixel.
Integration range: 1.88 eV < hyy, < 1.92 eV. All images are
4.4 x 4.4 nm?. (d) Cross section along the dashed lines in (a)—(c).
Current is plotted on the left axis and normalized TEPL intensity
on the right axis.

[Fig. 3(a)], TEPL remains unaffected by the change in bias
voltage from 0.5 V to 1 V. In contrast, at small distances
[Fig. 3(b)], increasing the bias from 0.5 to 1 V results in
quenching. The integrated TEPL intensity as a function of
bias voltage for these two distances is compared in Fig. 3(c)
At large tip-molecule distances (gray circles), the TEPL
signal intensity remains constant. For small distances (blue
squares), it begins decreasing at V > 0.75 V, a value that
matches the onset of the NIR [Fig. 1(d)]. At large distances,
the tunneling probability between the tip and molecule is
low, and thus the relative population of S, remains high
regardless of the bias voltage. This is also true at small
distances for low bias voltages, as Dy cannot be accessed.
Hence, in both conditions, the TEPL signal remains intense.
In contrast, at small distances and at bias voltages resonant
with the NIR, Dy is efficiently populated and the lumines-
cence is quenched.

The local character of this gating is demonstrated by
the TEPL intensity dependence on the tip position.
Figure 4(a) shows the spatial extent of the LUMO
(V=1V). Figures 4(b) and 4(c) show maps of the
TEPL intensity recorded atop the molecule in-gap (b)
and at NIR (c¢) for Az = —300 pm. The map recorded at
V =0 V reveals a radially symmetrical pattern and a low
intensity region in the middle of the molecule. This
expected spatial dependence originates from the coupling
of the picocavity plasmon to the doubly degenerate
transition dipoles of S; for ZnPc. The low intensity in
the center arises due to the symmetry of the system which
leads to a vanishing coupling between the picocavity field
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and the molecular transition density [34,46]. At resonant
tunneling conditions [V =1V, Fig. 4(c)], the TEPL
map reveals a much broader dark center compared to
the one at V =0 V. This dark region matches well the
spatial extent of the LUMO in the current map in Fig. 4(a).
In contrast, in regions where resonant tunneling through
the molecule is not possible (at tip positions exceeding
the lateral extent of the LUMO) the intensity pattern
of Fig. 4(b) is recovered. This demonstrates that, for
V =1V and Az = -300 pm, as soon as direct tunneling
into the ZnPc is possible, we can quench TEPL by
controllably decreasing the population of S,. This is
further illustrated in the cross section in Fig. 4(d), where
the onset of the orbital coincides with the onset of TEPL
quenching. The S, occupancy in the current saturation
regime [Fig. 2(d)] is entirely governed by the substrate-
mediated discharging rate and is therefore independent of
the tip position. Overall, this photoluminescence quench-
ing strategy can be generalized to other molecules and
different NaCl thicknesses as we demonstrate in the
Supplemental Material for H,Pc on 3 ML NaCl [39].

In conclusion, we used the tip of an STM simultaneously
as an atomically precise electrode, which allowed us to
modify the charge state of a molecule, and as an optical
antenna to probe its photoluminescence. By selectively
injecting charges into the molecule we can controllably
shift the population of the molecule from its neutral S,
ground state to a transient charge state Dy from which the
neutral exciton cannot be formed. Our approach can be
used, for example, to selectively alter the properties of
individual chromophores in a molecular layer or assembly.
This can influence coherent dipole-dipole coupling [21-23]
or energy transfer mechanisms [20,24], thus modifying the
collective optical responses of the system.
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